The disposal of concrete wash water has become a significant issue in recent years. The Minnesota Pollution Control Agency currently requires control of all water used to wash concrete ready mix trucks, delivery chutes and tools used to finish concrete. Best Management Practices allow for containment of wash water either on the job site or at the ready mix plant but do not allow for the reuse of the water. ASTM Standards allow for limited reuse of the wash water, but the Minnesota Department of Transportation requires potable water in all concrete mixes used on their jobs. This research was designed to compare the compressive strength of the concrete when made with tap water to the compressive strength of concrete made with wash water. The research was a two by two design with two concrete mixes each paired with tap water and wash water. Fifteen cylinders of each type were mixed and stored for 28 days. They were then tested for compressive strength. When analyzed using a one-way analysis of variance (ANOVA), the cylinders made with wash water tested at a higher mean compressive strength than the cylinders made with tap water. The results were consistent across concrete mix designs.
Introduction
Concrete is one of the most common construction materials used in the world. According to the American Concrete Institute (ACI), global annual production of concrete is approximately 5 billion yards (American Concrete Institute, 2010) . The majority of concrete needed for modern building in the United States is delivered by truck after mixing in a batch plant. The exterior of the concrete delivery trucks, the interior of the mixing drum, the chutes used to place the concrete, concrete pumps and tools used in placing and finishing the concrete need to be regularly cleaned in order to prevent the concrete from permanently hardening on the equipment. Cleaning of the equipment is done by spraying water on the concrete residue while it is still wet and washing the equipment until it is clean. The water and concrete mix created through the cleaning process is known as concrete wash water. Wash water includes both the water that is created on the job sites by cleaning equipment and tools and water that is returned to the plant in the mixing drum and then placed in holding ponds.
The United States Environmental Protection Agency (EPA), through the state Pollution Control Agencies, has adopted new regulations for discharge of concrete waste water. Dwayne Stenlund, the Erosion Control Specialist for the Minnesota Department of Transportation (Mn=DOT), states, ''Violation of the federal clean water act can result in severe financial penalties and loss of federal funds. The goal is to develop innovative, practical and best value best management practices that (1) avoid or minimize the loss of concrete liquids and uncured solids'' (Stenlund, 2009) .
The current Best Management Practices (BMPs) are either to contain the wash water on the job site and then haul the water to the landfill or to return the water to the delivery truck and haul it back to the ready mix plant. Either way, the ready mix supplier is responsible for the containment of the wash water. Ready mix suppliers have always had a wash out area at the plant. The trucks get washed off after loading, after delivery of the load and at the end of the day. It is common to use over 100 gallons of water to wash off the delivery truck after loading. Each truck carries 125 to 150 gallons of water. Much of the water is used to wash the chute after delivery of the load. At the end of the delivery day, the truck drivers wash the drums with over 1000 gallons of water. The water used for washing the trucks goes into the settlement ponds and remains to evaporate. If the settlement ponds have too much water or the site has too much rain, then the ponds overflow.
This study was a factorial design, with a two by two comparison of the compressive strength of concrete made using tap water with the compressive strength of concrete made using wash water. Two concrete mixes were used. Each mix was paired first with tap water and then with wash water. A total of 60 concrete cylinders were made for this study. The cylinders were stored for 28 days in an environmental chamber and then tested for compressive strength.
Review of Literature
While there is a growing body of regulation from government entities for concrete wash water disposal, there is relatively little reference in research literature to the issue. The environmental concerns are for high pH, total suspended solids (TSS) and total dissolved solids (TDS) that may be harmful if discharged into the environment. In addition to the chemicals in the cement formulation, there is a concern for the chemical components in the additives to the concrete mix, including slag, fly ash, and admixtures. Abrams (1925) tested the compressive strength of concrete after using a wide variety of mixing waters. He used water from the Great Salt Lake, Devil's Lake in North Dakota, Medicine Lake in South Dakota, water from drains and small streams, water containing oil refuse, tannery, soap factory and brewery waste waters, stockyard waste water, paint factory waste water and many other sources. Abrams stated, ''The quality of a mixing water is best measured by the ratio of its 28-day concrete or mortar strength to that of similar mixes with fresh water' ' (1925, p. 2) . Compressive strength below 85% of the value for tap water samples was considered unacceptable. The testing results indicated most ''impure'' waters did not significantly affect the compressive strength of the concrete.
In a study of concrete wash water, Borger (1993) tested recycled wash water in the production of mortar mixes. The wash water used in the mix was created in the laboratory and the mortar mixes contained only cement and sand. Borger found the compressive strength at 28 days was increased by up to 20% when wash water was
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B. Wasserman used in the mix. The key factor was the wash water needed to be less than 8 hours old. Borger's recommendations for future study included use of wash water direct from the ready mix trucks and the use of aggregates in test concrete mixes. Parker and Slimak (1977) evaluated concrete wash water and found pH values typically ranging between 11 and 12. Suspended solids were measured at 100 ppm after sedimentation, but dissolved concentrations ranged from 500 to 2500 ppm, approximately 5 times the level in drinking water. Concrete wash waters were shown as containing sulfates and hydroxides from cement, chlorides from calcium chloride, as well as small quantities of both hydrocarbons and admixture compounds including ethanolamine, diethanolamine, formaldehyde, K-napththalene sulfonte and benzene sulfonic acid. Except for the hydrocarbons and admixture compounds, these values are high but representative of groundwater when in contact with limestone or limestone derived soils. In a study of soil cement mixes, Bhatty and Kozikowski (2004) found that pH varied by cement content. They found pH levels of 10.5 to 11 for mixes containing up to 9% cement content. The pH generally reduced by one half to one unit in 3 to 5 days, with pH levels generally below 9 within 180 days. Bhatty and Kozikowski was the only study found that compared cement treatments across factors of time and cement content for statistical evaluation of composition. Colin Lobo and others with the National Ready Mixed Concrete Association studied the reuse of concrete without admixtures (Lobo, Guthrie, & Kacker, 1998) and reported that blended concrete could be used where setting characteristics were less critical. Blended concrete using 50% wash water that was three to six hours old showed dramatically reduced compressive strength. The same authors studied the reuse of plastic concrete by using set-retarding admixtures (Lobo, Guthrie, & Kacker, 1995) . Preliminary results demonstrated that the use of a 5% mixture of stabilized truck-mixer wash water did not significantly affect the resulting concrete. Their conclusions included, ''It is clear that a significant amount of preliminary testing is necessary to effectively use these admixtures to recycle plastic concrete'' (1995, p. 14) . Lobo and Mullings (1998) , in a study of the use of recycled mixer wash water noted that ASTM C94, the standard for ready mixed concrete, allows 50,000 parts per million (ppm) of total solids. Their conclusions demonstrated that when recycled water is used in the concrete mix and the solids content does not exceed the ASTM limits, the strength of the concrete was unaffected.
The Clean Water Act of 1977, updated by the Water Quality Act of 1987, requires control of sediment from construction sites and concrete operations (Effluent Limitation Guidelines, 2010). The documents specifically address point source pollution, meaning the source of the discharge is specific to one incident (NPDES Construction Permits, 2010) . The Department of Justice (DOJ) brought a case against Aggregate Industries NE, a national ready mix operation, in which a settlement of $2.75 million was negotiated without the admission of guilt on the part of Aggregate Industries NE (United States Department of Justice, 2009). According to the DOJ decision, the individual ready mix plant, being the point source of the violation, is responsible for the management of concrete wash water waste. If the contractor refuses to provide a proper disposal method of the material, the ready mix driver must return the waste material to the plant.
The Minnesota Pollution Control Agency (MPCA) has modified regulations affecting the concrete and construction industries. On August 1, 2008, the MPCA approved the reissuance of the General Permit for Authorization to Discharge Stormwater Associated with Construction Activity (Construction Activity Permit).
A major change in this permit affecting ready mix concrete deliveries in the state of Minnesota is the section pertaining to concrete wash water (Construction Stormwater Permit-NPDES=SDS, 2009). The Construction Activity Permit does not allow any concrete chute rinse water or water used to wash off concrete tools to come into contact with the ground. Excess concrete from forms, pumps, and chutes may come into contact with the ground as long as they are disposed in accordance with MPCA regulations when in a hardened state (Concrete Washout Guidance, 2009 Washout, 2009 ). Included are both on site disposal and off-site disposal recommendations. There are several commercial systems of water-tight bins that are available for disposal of wash water on the job sites. Drivers from the ready mix trucks wash the chutes and drums and release the water with the concrete waste into the bin. When the bin is full, the water is pumped out and sent to a disposal site. After drying the sediment contained in the bin, the sediment is removed and the bin is then returned to service. Another BMP concept is to build a containment system from hay bales and a plastic liner. The concept is similar to the commercial dumpster but is less expensive for a contractor. After the solids settle, the water is pumped out and the material can then be disposed by the same methods as any solid concrete (Concrete Washout, 2010) .
Many concrete trucks are being outfitted with wash water return systems The amount of water used in truck washing has some variability, due to individual drivers and concrete mixes. Each delivery truck carries 125 to 150 gallons of water to be used as wash water on the job site. By the time the delivery truck is ready for the next load, approximately 500 gallons of water are used. The wash water return systems collect the water at the end of the chute. Some systems filter the material for sand and aggregate, which can be legally dumped on the job site. The remaining slurry is pumped back into the drum of the truck and returned to the plant. Back at the ready mix plant, the slurry is dumped into the wash water pond system. Other truck mounted systems collect the wash water and return the entire contents to the drum, where it is transported back to the plant. Back at the plant, the material is dumped into an extractor, where the sand and aggregate are removed. The remaining material is then sent to the wash water pond system.
Traditionally, ready mix plants have had a pit at the rear of their property where the drivers would wash out their trucks and dump their waste water. The current enforcement levels for concrete wash water have dictated a change to both policy and procedure for ready mix operations. Plants are required to manage the increased amounts of returned wash water using a concrete lined settlement pond. Some plants are choosing a weir system (Weir, 2010) to manage the increased amount of water. A weir system creates multiple settlement ponds for the water. When the first pond is full, the overflow goes to a second pond and then on to a third pond. Most of the 304 B. Wasserman suspended solids are left in the first pond. When the ponds become full of solids, the water must be pumped and the solids are then scooped out with a loader and dried. The material then can be disposed or reused. Current BMPs do not include the reuse of the concrete wash water from a ready mix delivery truck or the reuse of water that has had the solids removed through either filtration or sedimentation. Though the ASTM Standard 1602 (ASTM, 2006a) allows for the limited reuse of concrete washwater, Mn=DOT specifically prohibits the use of such material in all concrete mixes used on Mn=DOT projects (MnDOT Concrete Manual, 2003) . Reuse of the wash water in the concrete mix would create a best management practice that would help mitigate what the EPA has determined to be a serious pollution problem.
Statement of the Problem
The purpose of this research is to explore an alternative to the use of tap water in concrete mixes. Reuse of wash water would enable a ready mix company to save significant amounts of water, benefitting both their profitability and the environment. Ready mix operations are struggling to find acceptable ways to meet the new regulations. Many small ready mix plants will need to invest $50,000 in new ponds in order to qualify for the Storm Water Pollution Prevention Permit. Outfitting each delivery truck costs the ready mix plant about $1600. The ability to reuse the wash water would reduce the environmental impact of the ready mix operation as well as save the ready mix plants the costs associated with using approximately 35,000 to 50,000 gallons of water each day.
Methodology and Experimental Design
This two by two study, using two concrete mixes and two types of mixing water, was designed to compare the compressive strength of concrete when tap water was used in the mix to the compressive strength of concrete when wash water was used in the mix. The two concrete mixes were independent variables. The concrete mixes were labeled either ACI mix or Mn=DOT mix. Each of the concrete mixes was then paired with two additional independent variables, tap water and wash water, creating four groups to study. The dependent variable was the compressive strength of the cylinders that were made with the four possible combinations of the mixes and waters. The compressive strength data were analyzed using a one-way analysis of variance (ANOVA) procedure. ASTM standard methodologies were used to prepare and test the necessary materials as well as mix the concrete, make the test specimens and test the concrete cylinders after curing. Test cylinders conforming to ASTM C470 (ASTM, 2009b) were used as molds for the study. The test cylinders were round, with a diameter of 6'' and a height of 12''. Each mold contained a total of 339 cubic inches of concrete when filled. An electric concrete mixer with a 2 cubic foot capacity was used to mix the concrete. Quantities of the materials were adjusted to 5% of a cubic yard, yielding 1.35 cubic foot batches of concrete. Each batch of concrete yielded five test cylinders. A total of 60 cylinders were made. There were 30 cylinders made using mix 1, labeled ACI mix, and 30 cylinders made using mix 2, labeled Mn=DOT mix. Half of the cylinders for each mix design were filled with concrete mixed using tap water and the other half were filled with concrete mixed using wash water. Table 1 shows the number of test cylinders for each group.
The cement used in the concrete mixes was Holcim Type 1 portland cement. Holcim cement is designed to meet ASTM C 150 (ASTM, 2009c) . The Material Safety Data Sheet (MSDS) for Holcim Type 1 cement lists the pH as 12 to 13 and the specific gravity as 3.15 (Holcim Material Safety Data Sheet, 2009).
The admixtures used in the Mn=DOT concrete mix included water reducer, air entrainment and fly ash. The water reducer was from General Technology Resources (GRT) and labeled as GRT KB 1000 (General Technology Resources=kb-1000, 2010) and is measured per hundred weight of the cementitious material, meaning the combined weight of the cement and fly ash. The air entrainment admixture was also obtained from GRT and labeled PolyChem VR air (General Technology Resources=VR Air, 2010). The fly ash was Mn=DOT approved and obtained from the Coal Creek power plant in North Dakota (MN-DOT Certified Fly Ash Sources, 2010).
Central Concrete in Mankato, MN was the source for both the coarse aggregates and fine aggregates. The aggregate material was shoveled into 5 gallon pails. The sample was obtained from a representative place in the aggregate piles, as high up as practical and not from the surface.
The coarse aggregate was 1'' minus washed quartz. The aggregate was mined, crushed and washed at the Sioux Rock Products pit in Comfrey, MN. A sample of the rock was sieve tested at the pit. Results were measured as a percentage of the material which passed through the sieve. All of the rock passed the 1'' sieve and only 0.1% of the rock passed through the #200 sieve. The pit tests shows the rock evenly distributed in size between the 3=4, 1=2, 3=8, and #4 sieve sizes. The sample met the Mn=DOT quality standards for concrete aggregate. A 2.68 pound sample of the coarse aggregate was oven dried and then sieve tested in the laboratory using procedures from ASTM C136 (ASTM, 2006b). The test was conducted using the hand sieve method. Due to availability, there was no 3=8'' sieve size used in the laboratory test. The lab test showed the aggregate to be evenly distributed between the sizes tested. The coarse aggregate met the ASTM C33 specification for aggregate (ASTM, 2008) and the Mn=DOT gradation specifications for 1'' minus aggregate (MnDOT Concrete Manual, 2003) .
The fine aggregate was washed concrete sand from the North Star pit near St. Peter, MN. A 673.9 g sample of the fine aggregate was tested at the pit and met Mn=DOT acceptance levels. The North Star pit analysis showed 100% passed the 3=8'' sieve and only 0.2 g passed the #200 sieve. Over 40% of the sand passed through the #30 sieve size and was not able to pass through the #50 size. The fineness modulus was calculated by adding the cumulative percent retained on sieve sizes #4, #8, #16, #30, #50, and #100 and dividing the total by 100. By using the formula, the fineness modulus was calculated to be 2.747. A sample of the fine The moisture content of the coarse aggregate was analyzed according to ASTM C127 (ASTM, 2007b) and the fine aggregate analyzed according to ASTM C128 (ASTM, 2007c). The aggregates from Central Concrete were kept in Saturated Surface Dry (SSD) condition. After mixing test batches of concrete in the lab, it was determined that, due to the SSD condition of the aggregates, the aggregate supplied approximately 2% of the total water needed for the mixes.
Central Concrete was the source for both tap water and concrete wash water used in the mixes. Central Concrete uses the Mankato, MN city water supply. Tap water was obtained from the hose that supplies the trucks. The wash water was scooped from the settlement ponds using a one liter container attached to the end of an eight foot pole. The pond samples came from multiple locations within the pond.
Two concrete mix designs were chosen for the experiment. The first design was from ACI and used only portland cement, aggregate, sand and water (Ghaly & Almstead, 2010) . The concrete was designed for a compressive strength of 4000 PSI at 28 days with a slump of 1'' to 4'' when tested immediately after mixing. Table 2 lists the materials used in the ACI design with the specified quantities per cubic yard and the quantities actually used per batch of concrete mixed. The water to cement ratio of the mix design was 0.53, with 316 pounds of water and 596 pounds of cement used for each cubic yard of concrete mixed.
The ACI samples were mixed on a single day. The water type was rotated with each batch mixed. Batches 1, 3, and 5 used the ACI mix and Tap water, batches 2, 4, and 6 used the ACI mix and wash water. The rotation was designed to mitigate any effect that the drying of the aggregates could possibly have on the experimental results. The second mix design was a Mn=DOT certified mix, designed to meet 4000 PSI strength at 28 days. The designed slump for the mix was 2'' to 3'' and used a water reducing admixture to help keep the workability better while reducing the water content. The Mn=DOT approved mix design also included fly ash, which replaced a portion of the cement and an air entrainment admixture. The ingredients for the Mn=DOT mix are listed in Table 3 . The water to cement ratio was 0.48 with 294 pounds of water, 519 pounds of cement and 92 pounds of fly ash used for each cubic yard of concrete mixed. The Mn=DOT mix cylinders were also cast in one day. The batches were rotated between tap water and wash water. Batches 1, 3, and 5 were Mn=DOT mix using wash water and batches 2, 4, and 6 were Mn=DOT mix using tap water.
Procedures from ASTM C192 were followed for the preparation of the concrete samples. The coarse aggregate and some of the water were added to the mixer prior to starting rotation. The mixer was started and the remaining dry materials were added. Once all materials were placed in the mixer, the batch was mixed for three minutes, followed by a three minute rest and then mixed an additional two minutes. The remaining water was added incrementally to the mix, allowing the operator to adjust the total volume of water to meet the required slump (ASTM, 2007a). Once mixed, the concrete was dumped into a damp mixing pan.
A slump test was performed using ASTM C143 (ASTM, 2010) for each batch of concrete mixed in order to provide an advance indication of the final compressive strength of the concrete. The material used for the slump test was returned to the mix. Five cylinders meeting ASTM C 470 (ASTM, 2009b) were then filled in a series of two lifts. A portable vibrator was used for compaction after each lift as the cylinders were filled. Two insertions of the internal vibrator were used for each lift.
When the cylinders had been vibrated for the final time and were completely full, the tops were struck off. The cylinders were then covered and stored in a moist room meeting ASTM C511 standards (ASTM, 2009a) . The molds were removed after the cylinders had been in the moist room for 24 hours. After 28 days, the cylinders were removed from the moist room. The cylinders were placed, one at a time, in the Forney compression testing machine. The compression test was performed according to ASTM C39 (ASTM, 2009d) .
The results from the compression test are given in maximum pounds of pressure until failure of the cylinder. The unit for compression testing is traditionally given in pounds per square inch (psi). The psi was calculated by dividing the total pressure by the surface area subjected to compression. Each cylinder had an area of 28.26 cubic inches on the surface being tested, so the machine read out was divided by 28.26 in order to get the pounds per square inch.
Data were subjected to a one-way ANOVA, which was used to analyze the relationships between two variables where the dependent variable is quantitative and continuous, while the independent variable is between subjects. The independent variable also has three or more levels with equivalent group sizes (Jaccard & Becker, 2002) . The ANOVA relationships use the F ratio, a formula that calculates the variability between groups by finding the total variability and subtracting the internal variability. Alpha levels were set at 0.05 in all of the analyses, meaning there was a 5% chance of rejecting the null hypothesis when it was actually true. Finally, Tukey's Highly Significant Difference (HSD), which tests the null hypothesis against each possible pair of group means, was used to compute the critical difference and decide whether to reject, or fail to reject, the null hypothesis.
Analysis of Data
After mixing each concrete sample, the batch was tested for slump in order to provide an advance indication of the final compressive strength of the concrete. The slump test was performed using methodology from ASTM C143 (ASTM, 2010). The material used for the slump test was returned to the mix. Slump test results are listed in Figure 1 . The highest slump was 3 1=2'' on batch AP-4, while the lowest slump was for batch AT-5 with a 1'' slump. There was a mild inverse relationship between the compressive strength and slump for the ACI mix using tap water, meaning that as the slump rose, the compressive strength of the concrete diminished. The inverse relationship was expected for slump to compressive strength. However, the relationship between compressive strength and slump was a direct relationship for the ACI mix using wash water, meaning the higher the slump, the higher the compressive strength. The ACI mix with wash water was an anomaly, showing the expected results may not always occur. All cylinders were tested for compressive strength at 28 days, following procedures in ASTM C39 (ASTM, 2009d) . The data for the individual cylinders is recorded in Appendix A. Data for the individual cylinders ranged from a high of 5795 psi for cylinder AP-6-1 to the lowest tested cylinder, MT-6-1, with a psi of 3500. Table 4 references measures of central tendency for the individual cylinder scores. The mean compressive strength of the 60 sample cylinders was 5047 psi, compared to the target compressive strength of 4000 psi. The standard deviation of the 60 samples was 575. With a standard deviation of 575, 68% of the samples fell between 4472 psi and 5622 psi, or one standard deviation from the mean and 95% of the samples fell between 3897 psi and 6197 psi, or two standard deviations from the mean. Using the ACI formula (American Concrete Institute, 2007), for required average compressive strength, f'cr ¼ f'c þ 1.34SD the required average compressive strength for the samples was 4000 þ 1.34(575) or 4770 psi. The mean compressive strength for the 60 samples was 5047 psi, which exceeded the ACI required average compressive strength. NRMCA (2003) states that no concrete cylinder test results should be more than 500 psi lower than the target compressive strength and the average of any three tests should equal or exceed the target compressive strength. The data show that all 60 cylinders met the criteria, with only MT-6-1 sample, at 3500 psi, having a marginal result. The compressive strength data were then grouped by concrete batch. The batch with the lowest mean compressive strength was batch 4 of the Mn=DOT mix using tap water (MT-4). The batch with the highest compressive strength was batch 6 of the ACI mix using wash water (AP-6). Table 5 contains the mean data grouped by batch and ranked from the highest mean compressive strength to the lowest mean compressive strength. The batch MT-4 contained three cylinders slightly below the target 4000 psi. However, the remaining two cylinders were higher than the target compressive strength and the mean for the batch was 4045 psi, still above the target. Batch MT-6 contained the outlier sample. However, the four other samples were substantially above the target compressive strength and the batch mean was 4226 psi.
When grouped by mix design, the data clearly show that the ACI mix had a higher compressive strength than the Mn=DOT mix. The mean compressive strength of the ACI mix was 5531 psi and the mean compressive strength of the Mn=DOT mix was 4561 psi, a difference of 970 psi, or 17.5%. The range and standard deviation of the Mn=DOT mix was also significantly higher than the ACI mix. Table 6 represents the compressive strength by mix design data. The data were then grouped by water source. The mean compressive strength of the wash water samples was 321 psi higher than the mean compressive strength of the tap water samples. The variability of the tap water samples, represented by a standard deviation of 213.6, was greater than the variability of the wash water samples, with a standard deviation of 174.3. Table 7 represents the data grouped by water source.
The compressive strength data were then grouped by both the mix design and water type. The results are shown in Table 8 . The ACI mix with tap water and ACI mix with wash water had a difference in means of 57 psi. The highest compressive strength for ACI with tap water was 5745 psi and the ACI with wash water sample with the highest compressive strength was 5795, a difference of 50 psi, less than one percent. Both ACI mixes had lower ranges of scores and lower standard deviations compared to the Mn=DOT mixes. The Mn=DOT tap water had a range of scores from 4840 psi to 3500 psi. The outlier, MT-6-1 contributed 390 psi to the total range for Mn=DOT tap water batches. The Mn=DOT wash water samples had a range of 715 psi compared to the Mn=DOT tap water samples which had a range of 1340 psi. The Mn=DOT wash water samples also had a higher mean compressive strength and a higher maximum compressive strength than the Mn=DOT tap water samples. The two Mn=DOT mixes were lower in compressive strength than the two ACI mixes. The Mn=DOT tap water mix was also lower in compressive strength than the Mn=DOT wash water mix and both Mn=DOT mixes were lower in strength than either ACI mix. The relationships between the variables were then analyzed using a two-way ANOVA. For the two-way ANOVA, three effects were tested. The first main effect tested was water source collapsed across mix design. The second main effect tested was mix design collapsed across water source. The final effect tested was the interaction of water source and mix design.
The sum of the squares was calculated for each of the effects, as well as the variability within the groups. The results were divided by the degrees of freedom to calculate the mean square. The critical value for F with 1 and 56 degrees of freedom is approximately 4.02. The mean square from the main effect of water source was then divided by the mean square within to compute the F value. The F (1, 56) value was calculated to be 19.285 and is significant for a ¼ 0.05. The main effect of mix design had an F (1, 56) value of 191.928, which was significant for a ¼ 0.05. The F (1, 56) value for the interaction of water source and mix design was 5.981, which also was significant at a ¼ 0.05. The two-way ANOVA results are shown in Table 9 .
The strength of relationship was calculated using eta 2 for each effect. Tukey's Honestly Significant Difference (HSD) was used to determine if the ANOVA results showed a critical difference (CD). Table 11 contains the results of 
Conclusions, Recommendations and Summary
At the outset of this study, it was anticipated that concrete made with wash water from a settlement pond, with a TSS level less than 50,000 PPM, and concrete made with tap water might have a similar compressive strength. This study has demonstrated that, under limited conditions, there is a significant difference between the compressive strength of concrete made using wash water and that of concrete made using tap water. Across all test groups, the concrete made with wash water had higher compressive strength than concrete made with tap water. The research data demonstrated that the null hypothesis should be rejected and that there is a statistically significant difference between using tap water in a concrete mix and using wash water in a concrete mix. In addition to the stated hypothesis, the relationship between slump and compressive strength was shown in this study to be inconsistent. The results from the ACI mix with wash water were the reverse of what is a generally accepted idea in the industry. The variability of using 12 small batches was challenging for consistency of results in this study. The margin of error for admixtures and water was very small. Slump changed by 2'' with the addition of a few ounces of water. Larger batches would mitigate some of the variability, such as found with the sample MT-6-5, with a compressive strength 825 psi lower than any sample in the batch. A follow up study using only one concrete mix design and multiple sources of wash water would be an excellent next step in the study of the reuse of wash water. Further study of the use of concrete wash water would be recommended by field testing using a test slab such as a driveway. Testing samples from batches containing 8 to 10 yards In addition to compressive tests for concrete, other concrete tests would help to establish criteria for reuse of wash water. Chemical testing of wash water would be an appropriate next step in the identification of potential challenges of the reuse of concrete wash water. There are likely admixture chemicals remaining in the wash water. The chemicals could possibly have a long term effect on the concrete, but the question has not been studied.
The research demonstrated there was significant difference between the compressive strength of concrete made with wash water and concrete made with tap water. Further research on a larger scale would be of benefit in order to confirm the results of the testing. The reuse of concrete wash water would be of benefit to the ready mix companies, the contractors and the environment. It is a topic worth pursuing. 
